This paper empirically examines whether the aging of a fleet affects operational availability and operating cost using a unique dataset on the 117 47-foot Motor Life Boats (MLBs) of the United States Coast Guard (USCG). Procured from 1997 to 2003, the 47-foot MLB is the standard lifeboat of the USCG and all 117 MLBs remain in service. The aging of the MLB fleet has resulted in higher annual operating costs and lower operational availability, although the nature of this relationship remains unclear. Our estimation strategy utilizes an error components estimator to examine these issues. We employ three variants of the dependent variables (i.e., the standard logarithmic transformation as is most commonly seen in the literature, inverse hyperbolic sine (IHS), and level outcomes). The point estimates from the standard logarithmic model finds operational availability for the MLBs decreases at a rate between 0.83% and 1.8% per year and cost increases at a rate between 0.33% and 7.81% per year. Similar effects are shown with the IHS and level outcome specifications. In terms of nonlinearity effects, we find the most pronounced changes in operational availability and cost occur for MLBs aged 15 years or more (in comparison to younger MLBs).
Introduction
The United States Coast Guard (USCG) performs heavy weather rescue operations in winds up to, and including, hurricane force winds using the 47-foot Motor Life Boat (MLB).
Produced from 1997 to 2003, 117 MLBs are now in service and the MLB is the standard lifeboat of the USCG. Furthermore, the USCG expects to continue to operate the MLBs in the mediumterm even through reliability issues and operating cost are increasingly a concern. Whether (and when) an aging fleet affects reliability and cost remains an unanswered question. This paper empirically examines whether the aging of the 47-foot MLB fleet affects operational availability and operating cost. Understanding these connections is critical in helping decision makers determine when the current MLB fleet should be replaced or undergo a Service Life Extension Program (SLEP 1 ). To analyze the effects of the aging MLB fleet, we utilize a unique dataset on the operational availability and annual operating costs for each of the MLBs produced and currently operated by the USCG. We control for geographical location, mission type, as well as individual boat effects, and time fixed effects to investigate the influence of an aging fleet on operational availability and cost.
We contribute to a growing body of research that examines the relationship between aging military equipment and operational availability and cost (e.g., Hildbrandt and Sze, 1990; Stoll and Davis, 1993; Kiley, 2001; Keating and Dixon, 2004; and Sokri; . 2 While most of the previous research has generally focused on aircraft, the methods displayed in the literature (e.g., theoretical models, regression analysis, and simulations) provide context for broader 1 In February 2015, the USCG issued a Request for Information regarding a SLEP for the 47-foot MLBs, primarily focusing on a one-to-one replacement of equipment in the boats. The operating characteristics of the boats are expected to remain the same after the proposed SLEP. See U.S. Coast Guard (2015) for more details. 2 Related to this line of research are other studies more specifically focused on calibrating the optimal time to replacement of military equipment (e.g., Dixon, 2005; Francis and Shaw, 2000; Persselin 2002, 2003; Jondrow et al., 2002; and Keating et al., 2014 ; see Maybury, 2015 for a thorough review of this literature).
military applications in other areas such as the replacement of other systems, including tactical vehicles, helicopters, frigates, among others. We extend this literature to now focus specifically on the USCG MLB program. To the best of our knowledge, this is the first time that the effect of aging has been empirically investigated with regards to this USCG MLB fleet.
We expect, a priori, that operational availability should decrease and cost should increase as the age of an MLB increases. What is of particular interest, however, is whether age linearly affects availability and cost or whether there is a discontinuity at which availability and cost suffer adversely. For the USCG, this behavior is a continuing concern for policy makers with regards to managing scarce resources, determining whether or not to proceed with a specific SLEP (or complete replacement of the boats), and the optimal usage of MLBs over time.
Our estimation strategy utilizes an error components estimator to examine these issues.
We employ three variants of the dependent variables: the standard logarithmic transformation as is most commonly seen in the literature, levels, and the inverse hyperbolic sine (IHS) transformation. The logarithmic point estimates suggest that operational availability for MLBs decreases at a rate between 0.83% and 1.8% per year and cost increases at a rate between 0.33% and 7.81% per year. We find similar estimates for the IHS and levels specifications. In terms of nonlinearity effects, we find the most pronounced changes in operational availability and cost occurs for MLBs aged 15 years or more in comparison to seven-year-old MLBs (i.e., the youngest boats in our dataset). To the best of our knowledge, this is the first use of the IHS transformation in the literature with regards to the impact of aging on operational availability and cost.
The remainder of paper is structured as follows. In the following section, we briefly review the institutional background of the MLB program. In the third section, we discuss the data. We then present the empirical methodology of the study in the fourth section. The fifth section discusses our results, limitations of the study, and possible extensions. The last section concludes the paper.
Institutional Details
The USCG conducts maritime safety, security and stewardship operations in and around the United States (U.S) and around the world to protect American security and economic interests (U.S. Coast Guard, 2014). The USCG uses specially designed and constructed boats to conduct operations in areas of rough surf and heavy weather (Textron Systems, 2011) . The primary surface asset used in these areas is the 47 foot MLB. This MLB is unique to the Coast Guard because it is designed to operate in the open ocean in seas up to thirty feet, surf up to twenty feet and is self-righting within thirty seconds without any loss of operational capabilities in the event of a roll over (Textron Systems, 2011) . It is exceptionally useful in search and rescue missions since it is a multi-mission asset and conducts operations in all the Coast Guard mission areas (CG-731, 2007) .
Typically there are only one to three 47 foot MLBs assigned to boat stations across the U.S. (depending on the requirements of the individual station). These stations are generally geographically isolated from other stations and thus, the MLBs often work alone or in very small numbers on their patrols. For some stations such as those operating in surf or heavy weather operating environments, the MLBs will have the support of an additional small response boat (RB-S) (CG-7, 2013 ) for their duties.
The minimum boat crew for a 47 foot MLB consists of a qualified coxswain, engineer and one boat crew member, although additional crew members are required for heavy weather, surf and Port Waterways Coastal Security (PWCS) missions (CG-731, 2013) . The boat crew is usually on duty for two days and off duty for two days. The boat crew typically conducts a patrol of the station's area of responsibility each duty day and then may be underway for additional time depending on operations. The commandant's policy limits underway time depending on the length of the boat and the sea conditions. The 47 foot MLB crew has a limit of 10 hours in seas less than four feet, eight hours in seas greater than four feet but less than eight feet, and six hours for seas greater than eight feet (CG-731, 2013 CG-9325, 2014) .
Given a fixed fleet size, the decline in operational availability is of significant concern given its potential to adversely impact the ability of the USCG to conduct missions. In 2014, an Alternatives Analysis (AA) was completed by the Boats Acquisition Program, CG-9325, and the AA attributed the decline in operational ability to equipment casualties to the main propulsion system, electrical generation system and steering system (CG-9325, 2014) . The CG-9325 report also considered that the Coast Guard could "do nothing", provide a SLEP for the existing fleet, purchase a new fleet (not necessarily the same types of boats currently used), or a combination of a SLEP and new fleet purchase. In 2015, the USCG issued a Request for Information for the conduct of a SLEP of the existing fleet of MLBs.
Given the usefulness of the fleet of MLBs, decline in operational availability, and increases in operating cost, this paper examines how the aging of the MLB fleet affects availability and cost. If the USCG conducts a SLEP of the existing fleet, the question remains when should an MLB be part of the SLEP program? Too early and the USCG may waste scarce resources upgrading a boat that does not require an upgrade. Too late and the USCG will waste scarce resources due to increased operating cost and decrease availability. This paper seeks to estimate the impact of aging on operational availability and cost to help in addressing these questions.
Data
We gathered unclassified data on the 117 MLBs in the USCG from 2010-2014. We gather annual cost data from the Fleet Logistics System (FLS) and the Asset Maintenance Management Information System (AMMIS) databases. The cost data presented here are an aggregated version of the micro-level data and includes information on planned maintenance costs, time compliance technical orders, transportation costs, consumables for organizational level planned maintenance, and repair of items that are within the organization's capabilities that are not mission limiting, or replacement of outfit items. 4 We use the Asset Logistics Management Information System (ALMIS) to obtain operational availability data. ALMIS tracks when a boat is available for operations. As is typical in the literature, we define operational availability as mission capable time divided by total measured time (Jones 2006) . The difference between mission capable time and total measured time is the time lost due to preventative maintenance, corrective maintenance, and administrative and logistics delays (Jones 2006) . We average the monthly data to obtain annual operating availability data. These boats operate in areas that frequently experience heavy weather conditions and primarily conduct search and rescue operations. Boats with the PWCS Level 1 mission type complete the port, waterways and coastal security mission. These MLBs are responsible for escorting large, 6 We find little difference between the estimates presented in this paper and those that combine the Northwest and Training districts. 7 Of note, the cost data contained an unusually high number of observations (108 out of 585) equal to zero, suggesting there was zero operating cost for these observations. We had detailed discussions with numerous operators and data analysts to understand this peculiarity in the data. In the end, it was determined that a changeover in accounting systems may have led to inputting zeros where there were missing cost data. Thus, there appears to be a considerable amount of measurement error within these 108 observations. Due to this concern, we decided to exclude these observations in our final analysis. Policy makers should be aware of this limitation when making decisions in regards to our cost results. That stated, discussions with the same military personnel lead us to believe that this was not a problem with the operational availability data. Thus, those results should be completely free from any measurement error or selection bias.
high-value vessels or high-capacity passenger vessels in busy ports and guarding critical infrastructure and key resources like oil and natural gas terminals, bridges and nuclear power 
Methodology

Previous Literature
As stated previously, the literature has employed a variety of techniques to analyze the effects of aging on operational availability and cost, with a particular focus on aircraft. Some additional work has analyzed the effects of aging on other types of military vehicles and hardware, although the research in these areas has been much more limited in nature. In this section, we present a review of the literature most pertinent to this article (i.e., specific studies which measure the impact of aging on cost or operational availability). We refer readers to see Maybury (2015) for a further, comprehensive review of the literature on this topic and others related to it.
In early work on the subject, Hildbrandt and Sze (1990) estimate the effect of an aging aircraft fleet on operating and support cost. The authors estimate a log-linear model where the logarithm of total operating and support cost per aircraft is a function of age, type of aircraft, a linear time trend, and the logarithms of average flying hours and number of aircraft. They find that a one year increase in the mission design fleet age increases total operating and support cost per aircraft by about 1.7%. Stoll and Davis (1993) examine the impact of aging on a variety of cost measures using aircraft data from the 1980s and early 1990s. The authors primarily use an Ordinary Least Squares (OLS) estimator in levels where cost is specified as a function of age or fiscal year.
Additional estimates explored whether the percentage change rates in costs were a function of age or fiscal year. Their estimates vary depending upon specification, however, the authors generally find that direct labor, overhead, direct material, and total costs all have projected increases over time as the aircraft age. Kiley (2001) examines the relationship between aging and the cost of operating and maintaining military equipment such as major battle force ships, tanks, Bradley fighting vehicles, helicopters and other aircraft. The most detailed analysis in Kiley's study is presented on aircraft.
The author employs a one-way fixed time effects estimator where the logarithm of cost is a function of age, year fixed effects, and the logarithms of annual flying hours and procurement unit average unit cost. Kiley finds a positive relationship between cost and age; an additional year of average age is associated with an increase in operational and maintenance costs between 1% and 3% per year. Keating and Dixon (2004) provide estimates on the effects of aging on maintenance hours and operational availability for the KC-135 aircraft. The authors estimate the logarithm of maintenance hours on age. We note that the authors did not include specific control variables. A similar model is used to estimate the effects of age on operational availability. The authors find a positive, statistically significant relationship between age and cost and a negative, statistically significant relationship between age and operational availability.
Sokri (2011) takes a similar approach to Kiley in analyzing the impact of aircraft age on cost. Using an OLS estimator, the author estimates a model where the logarithm of operating and maintenance cost is a function of age. We again note the absence of control variables. Sokri finds a positive coefficient for age which is statistically significant at the 5% level, suggesting a robust relationship between age and cost increases over time.
The literature has, to this point, typically estimated a linear model either in levels or with the logarithmic transform of the dependent variables and some of the regressors of interest.
While some studies (Hildbrandt and Sze (1990) and Kiley (2001) ) have included controls, data restrictions have precluded the inclusion of controls in other studies (Keating and Dixon (2004) and Sokri (2011) ). Most of the studies have shown standard aging effects to be in the 1-6% per annum range for cost or operational availability, with some outliers.
To date, no study has utilized an IHS transformation, relying instead on levels or the logarithmic transformation. We acknowledge the literature by specifying models in levels and logarithms, but also advance the literature by comparing and contrasting these results with those of the IHS transformation. As the properties of the level and logarithmic transformation are well known, we briefly discuss the standard characteristics of the IHS transformation next and then outline the formal empirical models utilized in our estimation strategy in section 4.3.
The Inverse Hyperbolic Sine
The IHS can, depending on the value of the scaling parameter, approximately either the level or the logarithmic transformation. The IHS transformation, however, is defined for those boats with zero availability or cost in a given year, unlike the logarithmic transformation. As is widely understood by statisticians, the logarithmic transformation comes at a cost as observations with zero cost or availability must be dropped from the analysis. While some have argued that arbitrarily "small" values can be added to the observations with zero value to enable the logarithmic transformation of these observations, the arbitrary nature of what is "small" leaves much to be desired. 8 If observations with zero for cost or availability contain valuable information (e.g., these boats did not perform any missions or generate any cost), then we may bias our estimates by arbitrarily excluding or transforming these observations. The IHS transformation provides an established methodology to estimate percentage change specifications without eliminating observations with zero value. Johnson (1949) suggested the use of an IHS transformation for univariate and multivariate cases, respectively. Burbidge et. al. (1988) applied the transformation in the univariate case and illustrated the potential superiority of the IHS relative to the logarithmic and Box-Cox transformations. The IHS of a variable y with scaling parameter θ can be specified as:
Unlike the logarithmic or the Box-Cox transformation 9 , the IHS is defined over all θ even though most statistical programs explicitly assume that θ is equal to one. While the IHS and Box-Cox transformations compress extremes toward the other transformed observations, the damping effect of the IHS is superior to that of the Box-Cox transformation. The linearity of the IHS transformation through the origin is also appealing. 10 Figure 1 illustrates the shape of the IHS transformation at different values of θ to illustrate the importance of estimating, rather than assuming, the value of the scaling parameter.
As the function g is symmetric about 0 in θ and is linear about the origin, we consider We continue to follow Burbidge et.al. (1988) and use l'Hopital's rule and the derivative of g to show that:
is an n-vector having element t of g t , the IHS model can be specified as:
Following Burbidge et. al. (1988) and MacKinnon and Magee (1990), we assume that the errors are normally distributed so that the log-likelihood function with n observations can be expressed as:
, then the concentrated log-likelihood can be expressed as:
Given that g is symmetric about 0 in θ, we following Pence (2006) in conducting a careful search over possible values of θ to maximize the concentrated log-likelihood function. We obtain a bootstrap estimate of ̂= 8.810. This estimate illustrates the need to obtain an estimate of ̂ and not to rely on the assumption that θ = 1. and MaGee, 1990; Pence, 2006) . This interpretation is notable in that it is akin to a regression where the dependent variable is a logarithmic transform.
Of course, this approximation is useful for where the IHS transformation approximates the logarithm. Following Pence (2006) , the approximation is:
Empirical Models and Tests
To test the aging effects of the MLB fleet, we first use individual boat variation in operational availability and cost over time as a function of age, which is analogous to previous studies on this topic (e.g., Hildbrandt and Sze, 1990; Stoll and Davis, 1993; Kiley, 2001; Keating and Dixon, 2004; and Sokri; . This model is shown below: whether the effects are jointly significant, and lastly, whether the residuals are heteroscedastic.
Each of these issues either renders the estimators inconsistent (unit root), inefficient (whether the time and individual effects are statistically significant), or biases the standard errors of the estimated coefficients (heteroscedasticity). We, of course, take the appropriate correction action when an issue is determined to be present.
We first examine whether the variables of interest suffer from a unit root. Under specific assumptions about the lack of individual boat and time specific effects, the pooled OLS estimator is consistent and efficient relative to the error components estimators (Baltagi, 2008 homoscedasticity. 14 We thus estimate and compare the one-way individual effects, and two-way individual and time effects estimates with robust standard errors in the next section.
Results
Overall, we find that Age statistically, significantly, and negatively impacts Operational
Availability. This result is consistent across all specifications and almost all transformations of the Operational Availability variable. We also find evidence to suggest that Age statistically, significantly, and positively affects Cost. This result, however, appears to be fragile to the inclusion of time effects and may also be dependent upon sample selection. In terms of nonlinearity effects, we find the most pronounced changes in Operational Availability and Cost occurs for MLBs aged 15 years or more in comparison to seven-year-old MLBs (i.e., the youngest boats in our dataset). and 6). This yields two marginal estimates of ̂̂= −0.045 and ̂̂= −0.025, respectively. We also evaluate the inverse hyperbolic sine at the mean value of Availability of 0.778 which yields two estimates of the marginal effects:
be negative and statistically significant, with the lone exception being the logarithmic specification with time effects (which is shown to be negative and insignificant in column 4).
Next, we turn our attention to estimates showing the impact of specific years on
Operational Availability from Equation 2. These results are shown in Table 3 . We find empirical evidence to indicate that, relative to 7-year old MLBs, 15 and 16-year-old MLBs are less available across the sample period and some suggestive evidence for similar effects for 17-yearold MLBs. For the Y15 variable, all of the estimated coefficients are negative with four of the six specifications being statistically significant at the conventional levels. Columns 2 and 4 show that the Y15 results are fragile to the inclusion of time effects for the levels and logarithm specifications. For the Y16 variable, the estimated coefficients are all statistically significant, with the lone exception of the logarithmic transformation which includes of time effects (as presented in column 4). The Y17 coefficients are the only other coefficients (besides Y15 and Y16) in Table 3 showing any evidence of statistical significance. All of the Y17 coefficients are negative; however, only columns 1 and 5 display statistically significant results at the conventional levels.
Of note, discussions with data analysts lead us to believe that the nine observations with zeroes for operational availability (which were left out of the regressions in columns 3 and 4 in Table 3 ) were actually not available and thus the logarithmic transformation may result in a biased sample that understates the impact of age on availability. Regarding the other year dummies in Table 3 , these appear to be either fragile to the inclusion of the time effects or statistically insignificant across specifications. 16 For 15-year-old boats, our results suggest that, 1 2 (̂+ −̂)̂= −0.031and − 0.019. We use the lower estimate as it should be more precise as Availability is bounded between 0 and 1. These calculations are available upon request.
16 Removing the observations with zero Availability yields smaller estimated coefficients for the regressors of interest. The estimated coefficients for the levels and inverse hyperbolic sine specifications for Y15, for example, are all else being equal, 15-year old boats are between 16 and 21% less available than 7-year-old boats, though this result is fragile to specification choice. 17 Our results suggest that, all else being equal, 16-year-old boats are between 16% and 34% less available than 7-year-old boats, depending on the specification and transformation of the dependent variable. 18 The point estimates for the 17-year-old boats, while somewhat imprecise, suggest that 17-year-old boats are between 21% and 27% less available than 7-year-old boats.
19
Turning to the question of the impact of age on cost, we recognize that while only 9
observations have zeros with regards to availability (and we are fairly confident that these zeros actually represent zero availability), 108 observations have zeros with regards to operational cost. We note that the average Availability of an observation with zero Cost is 83.9%, suggesting that non-zero cost was incurred but not captured in the accounting system. We suspect, a priori, that some MLBs had zero cost but also understand that a change in accounting systems may have resulted in missing data. Unfortunately, as discussed previously, we do not know whether the zeroes contain information or are merely missing data. For the purposes of exploring the impact of Age on Cost, we reduce the sample to those observations that reported non-zero Cost. All six of the specifications show positive values for the Age coefficients. Four of the six specifications are statistically significant at the standard conventional levels. The two exceptions, -0.11 and 0.025, respectively and are statistically significant at the 10% level of significance. This would yield a marginal impact of between 11% and 17%, respectively. These regressions and calculations are available upon request. 17 The estimated coefficient for Y15, for example, is -0.031 for the IHS transformation of Availability (Column 6).
Evaluating the inverse hyperbolic sine at the mean value of Availability of 0.778 yields: (1) and (5) Cost increasing at a rate between 0.32% to 7.82% per year.
The estimates for the effect of specific years on Cost in Table 5 appear to be much more fragile to the changes in specification (in comparison to the Operational Availability results in Table 3 ). While the estimated coefficient for Y15 is statistically significant in the levels specification (as shown in columns 1 and 2), it appears to be fragile to the inclusion of time effects for the logarithmic and IHS transformations (as shown in columns 4 and 6, respectively).
The estimated coefficients suggest that, relative to 7-year-old MLBs, 15-year-old MLBs are approximately 116% more expensive.
One of the primary limitations of this study (and others like it) is that it is incredibly difficult to plausibly identify the effect that aging has on operational availability and cost given Department of Homeland Security (DHS) policy and data constraints. For instance, it is possible that omitted variables (e.g., different crews, usage rates, etc.) may be correlated with our variables of interest. This could bias the results one way or another. We cannot completely rule out these concerns. That stated, we do believe that the random effects and unique control variables used in our estimation strategy should rule out most of this bias (if not all of it).
However, it is possible that some of the variation is not being picked up. Thus, policy makers should be aware of this limitation of the study in determining future courses of action.
The reduced form effects shown in this study simply predict the overall effect of age on operational availability and cost with this given set of controls and fixed effects. Other methods may be better suited to handle such questions such as randomized control trials. Unfortunately these methods are often impossible to implement in military settings which is why we advocate and use this particular methodology outlined in this study. It is our belief that we provide the best estimates possible given the constraints of DHS policy and data available.
Conclusion
This paper combines numerous unclassified data from the U.S. DHS to empirically estimate the effect that an aging fleet has on operational availability and annual cost. We utilize an error components estimator to examine these effects and employ three variants of the dependent variables (i.e., the standard logarithmic transformation, IHS, and level outcomes) in our models.
The point estimates from the standard logarithmic model finds operational availability for the MLBs decreases at a rate between 0.83% and 1.8% per year and cost increases at a rate between 0.33% and 7.81% per year. Similar effects are shown with the IHS and level outcome specifications. Of note, the estimates for cost (in contrast to the operational availability results) appear to be much more fragile to the inclusion of time effects and may also be less precise due to sample selection bias. In terms of nonlinearity effects, we find the most pronounced changes in operational availability and cost occurs for MLBs aged 15 years or more in comparison to seven-year-old MLBs (i.e., the youngest boats in our dataset).
The results of this study have a number of policy implications for officials within the U.S. Coast Guard. First, it does not appear that taking a "do nothing" approach with the fleet is a viable option. The aging of the current fleet of 47 foot MLBs is on a clear downward trajectory in terms of operational availability. The projections for annual costs appear to be just as discouraging and will undoubtedly continue to increase as the fleet ages. Thus, we suggest a couple of specific policy proposals based off of our results.
If policy makers choose to stay with the current fleet, then it probably makes sense to have a service life extension program around year 15 for each of the boats in service. Some of the estimates not directly presented here (such as estimates on mission type and district effects)
could also be of use in these decisions. 20 The estimates in this paper strongly advocate support of such an overhaul strategy if new procurement of boats is deemed to be too expensive.
Alternatively, the U.S. Coast Guard could take a hybrid approach to overhauling the fleet with some MLBs receiving an overhaul around the 15 year mark and some being completely replaced by new boats. We recommend an extension of this study if the Coast Guard chooses to procure an entire new fleet since our focus has been on the operational availability and cost of the current fleet. Regardless of the higher level policy decision implemented; the data, estimates, and methodology presented here provides a sound basis not only for the current U.S. Coast
Guard procurement or boat overhaul guidance, but for U.S. DHS (and her allies) future decisions in general. 20 These estimates are available upon request. Notes: **,*,+ denote significance at the 1%, 5%, and 10% level respectively. All models have the full set of controls, and report the heteroscedastically robust standard errors in parentheses. Full estimates available upon request. Total $2,720,711 $2, 430,162 $2,898,944 $6,429,402 $7,060,361 $21,529,521 
